Objective-The aim was to examine the relation between environmental and biological (blood and urine) indices of exposure to different chemical forms of cobalt. Methods-A cross sectional study was undertaken in workers exposed to cobalt metal, oxides, and salts in a refinery and to a mixture of cobalt and tungsten carbide in a hard metal producing plant. Results and conclusion-Although biological monitoring of workers exposed to cobalt oxides showed higher blood and urine concentrations than in nonexposed subjects, these indices poorly reflected the recent exposure level. By contrast, when exposure was to soluble cobalt compounds (metal, salts, and hard metals), the measurement of urine or blood cobalt at the end of the workweek could be recommended for the assessment of recent exposure. March 1994 In several occupational settings (for example, in cobalt refineries), workers may be exposed to pure cobalt metal, oxides, or salts, or to mixed dusts containing cobalt in association with other substances such as metallic carbides (for instance, in the hard metal industry). Exposure is mainly by inhalation and to a certain extent by mouth. Limited quantitative data are available on the absorption of cobalt by the lung and the gastrointestinal tract in humans. It has been estimated from animal studies that the oral absorption rate can vary from 5% to 45% and that only 30% of cobalt inhaled (as cobalt oxide) is absorbed through the lung. Whatever the exposure route, cobalt is mainly excreted in urine and to a lesser extent via the faeces. The urinary elimination is characterized by a rapid phase of a few days duration followed by a second phase which may last two years or more.' Several recent studies have shown that the determination of cobalt in blood and urine can be used as an indicator of exposure.2-9 The present study was undertaken to assess the influence of the chemical form of cobalt on the response of these biological indicators. For this purpose, environmental exposure to cobalt and its concentrations in blood and urine were characterised in workers exposed to cobalt metal, oxides, and salts in a refinery and to a mixture of cobalt and tungsten carbide in a hard metal producing plant. This paper summarises the main findings derived from the comparison of these groups.
In several occupational settings (for example, in cobalt refineries), workers may be exposed to pure cobalt metal, oxides, or salts, or to mixed dusts containing cobalt in association with other substances such as metallic carbides (for instance, in the hard metal industry). Exposure is mainly by inhalation and to a certain extent by mouth. Limited quantitative data are available on the absorption of cobalt by the lung and the gastrointestinal tract in humans. It has been estimated from animal studies that the oral absorption rate can vary from 5% to 45% and that only 30% of cobalt inhaled (as cobalt oxide) is absorbed through the lung. Whatever the exposure route, cobalt is mainly excreted in urine and to a lesser extent via the faeces. The urinary elimination is characterized by a rapid phase of a few days duration followed by a second phase which may last two years or more. ' Several recent studies have shown that the determination of cobalt in blood and urine can be used as an indicator of exposure.2-9 The present study was undertaken to assess the influence of the chemical form of cobalt on the response of these biological indicators. For this purpose, environmental exposure to cobalt and its concentrations in blood and urine were characterised in workers exposed to cobalt metal, oxides, and salts in a refinery and to a mixture of cobalt and tungsten carbide in a hard metal producing plant. This paper summarises the main findings derived from the comparison of these groups.
Material and methods

STUDY POPULATIONS
One hundred and twenty two male workers from a cobalt refinery and 10 workers from a cemented tungsten carbide factory were included in this study. The cobalt plant uses a wide variety of raw materials, which are first dissolved in acid. The cobalt solution is then subjected to varying hydrometallurgical purification steps and cobalt salts, oxides, and metal powders are obtained as final products. Several steps involve the manipulation of powdered materials that generate dust. Only workers whose job activities were the same throughout the study week were included in the protocol. The workers were subdivided into three groups according to their main workplace or activity. Thirty five workers were exposed to cobalt metal, 72 to cobalt salts, and 15 to cobalt oxides.
In the cemented tungsten carbide factory the work involves either the grinding of cobalt and tungsten carbide powders after the addition of paraffin, the pressing and presintering of small blocks of the mixture, and shaping and sintering at 1500'C in the absence of oxygen. The material is eventually blasted, brazed, and grounded under wet or dry conditions to obtain the finished hard metal tools.
Each worker was examined at the begin- spectrometry (Perkin Elmer, Zeeman 5000) after dissolution in a 10% sulphuric acid and 1% nitric acid solution. We have verified that both sampling systems are equivalent for low and for high cobalt particle concentrations.
URINE AND BLOOD ANALYSES
In both groups a spot urine sample was collected at the end of the shift both on Monday and on Friday. Blood samples were only available from the cobalt refinery workers (postshift on both Monday and Friday). Blood and urinary cobalt concentrations were determined by flameless atomic absorption spectrometry. 10 The proficiency in determining cobalt in urine was checked by the addition in each measurement series of three certified urine standards (Behring, Marburg, Germany). The accuracy and the precision of the method for urine (n = 10 determinations) were 76-8% and 14-9%, 91-5% and 6-8% and 92-4% and 7 9% at target values of 5-25, 30 7, and 158-1 pg of cobalt/l, respectively. The accuracy and precision of the method for blood (n = 10 determinations) were 97% and 3 5%, and 95% and 1-0%, at target values of 10 and 20 jug of cobalt/100 ml, respectively. Urinary creatinine concentration was measured according to the Jaff6 picrate method with the use of a Technicon RA1000 automate (Tarrytown, NY, USA). No significant difference in the smoking habits was noticed between the groups. The mean age and exposure duration were not significantly different except in hard metal workers who were older and exposed for a longer time than the other groups. The salt and hard metal groups were significantly less exposed to cobalt than the metal and oxide groups. As mentioned, blood samples were not available from hard metal workers. The average blood and urine values in the different groups were notably higher than in nonexposed subjects in whom they were usually below 2 pg/g creatinine for urine and 0-2 pg/dl for blood. A notable discrepancy was found between the cobalt metal and oxide groups. Although airborne cobalt concentrations were similar in the oxide and in the metal groups, the average cobalt concentrations in urine and in blood were lower in the oxide than in the Table 2 Relations between cobalt concentrations in workplace air, urine, and blood metal group, both on Monday and Friday although the differences were not statistically significant.
The relations between cobalt concentration in the breathing zone (inhalable dust) and the concentration of cobalt in postshift urine and blood were examined on an individual basis. Table 2 presents the regression (b) and correlation (r) coefficients of these relations with their respective p values (log scales). Good correlations were found for salt, metal, and hard metal workers. The correlations were not improved when only the increase in cobalt concentration over the shift period was taken into account (ME-MM and FE-FM, table 2). No major differences between the subclasses were found whatever blood or urine was considered. By contrast no significant correlation was found among the oxide workers, either for urine or for blood. When using a variable possibly related to cumulative exposure (product of Monday cobalt in air x duration of exposure in years) rather than recent exposure, the relation with urine and blood values were also non-significant in the oxide group (r = 0-22, p = 043 and r = 0 30, p = 0-29, respectively).
Because the regression coefficients in the salt, metal, and hard metal groups were not significantly different, the results collected for those workers were pooled ( proceeded.' In a study of diamond polishers using cobalt containing discs the measurement of urinary cobalt concentration, when considered on a workshop basis, reflected the amount of exposure (below 50 pg/M3).9 No comparative data are available for other forms of cobalt to which workers may be exposed. The absorption rates of such forms are, however, likely to be dependent on their solubility in biological media, which may also be influenced by the concomitant presence of other substances such as carbides." 12 The importance of the chemical nature of the exposure has been pointed out by Christensen and Mikkelsen.13 These authors found increased concentrations of cobalt in blood (0-2-24 yug/l) and urine (0-4-848 ,ug/l) from pottery plate painters who used a soluble cobalt paint, whereas only slightly increased values were measured in those who used insoluble cobalt paint (0-05-0-6 jug/l in blood and 0 05-7 7 jug/l in urine).
Our results confirm that urine and blood cobalt concentrations reflect recent exposure to cobalt metal, salt, and hard metal powders (soluble forms). This does not seem to apply, however, for exposure to cobalt oxide. Although concentrations of cobalt in blood and urine were higher than in non-exposed subjects, no relation between biological and environmental indices could be evidenced in the group of workers exposed to oxides. This cannot be simply explained by a difference in the size distribution of the airborne powders as the alveolar fraction was around 10% in the four groups. Therefore, we suggest that although significant absorption of cobalt may occur through dissolution of the oxide in alveolar macrophage lysosomes,'4 its pulmonary absorption in humans might be lower than with soluble compounds. In hamsters intratracheally dosed with cobalt oxide, 60% of the dose was recovered in the gastrointestinal tract after 24 hours. The amount of cobalt recovered in the digestive tract was supposed to have been cleared from the lung because gastrointestinal secretion of cobalt is very low. In rats the pulmonary absorption of inhaled cobalt oxide is even less.' Early experimental work by Delahant and Schepers also showed that cobalt oxide was less toxic to the lung than the metal form; these authors suggested that differences in solubilities might account for these different reactivities. '5 16 The present finding of increased cobalt in blood and urine in oxide workers, unrelated to recent exposure, may therefore result from a delayed pulmonary absorption of the metal deposited in the lungs.
It has been shown in animal experiments that the pulmonary absorption of cobalt is greatly increased in the presence of tungsten carbide. 17 In the present study, we found no evidence for this. One should however remain cautious in the interpretation of these results as exposure concentrations were notably low in the hard metal group and perhaps at higher ambient concentrations the absorption may be modified-for example, by the presence of inflammatory processes.
In conclusion, depending on the chemical form to which the workers were exposed, clear differences were found in the relations between air and urine or blood cobalt concentrations. Although biological monitoring of workers exposed to cobalt oxides showed greater blood and urine concentrations than in non-exposed subjects, these indices only poorly reflected the recent exposure level. By contrast, when exposure was to soluble cobalt compounds, the measurement of urinary or blood cobalt at the end of the workweek could be recommended for the monitoring of workers. An eight hour exposure to 20 or 50 yg/m3 of a soluble form of cobalt would lead to an average concentration (in a postshift urine sample collected at the end of the workweek) of 18-2 or 32 4pg of cobalt/g creatinine, respectively.
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